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(54) Process for semiconductor device fabrication having copper interconnects 



(57) A process for fabricating a semiconductor de- 
vice with copper interconnects is disclosed. In the proc- 
ess of the present invention, a layer of dielectric material 
is formed on a substrate. At least one recess is formed 
in the layerof dielectric material. Barrier layers and seed 
layers for electroplating are then deposited over the en- 
tire surface of the substrate. The recess is then filled 
with copper by electroplating copper over the surface of 
the substrate. The electroplated copper has an average 



grain size of about 0. 1 u.m to about 0.2 u.m immediately 
after deposition. The substrate is then annealed to in- 
crease the grain size of the copper and to provide a grain 
structure that is stable over time at ambient conditions 
and during subsequent processing. After annealing, the 
average grain size of the copper is at least about 1 |im 
in at least one dimension. The copper that is electroplat- 
ed on the dielectric layer is then removed using an ex- 
pedient such as chemical mechanical polishing. The 
copper that remains is the copper in the recess. 
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Description 

BACKGROUND OF THE INVENTION 
Technical Field 

[0001] This invention is directed to a process for fab- 
ricating integrated circuit devices and, in particular, to 
semiconductor devices that have copper interconnects. 

Art Background 

[0002] As devices are scaled to sub-micron dimen- 
sions, formation of reliable sub-micron interconnection 
(interconnects) becomes increasingly difficult. Many 
techniques have been used to form interconnects. How- 
ever, as the dimensions of sub-micron interconnects get 
smaller, current techniques are becoming less useful. 
[0003] For example, techniques that require the inter- 
connects to be formed by patterning a layer of metal us- 
ing lithographic techniques, in which the pattern defined 
in a layer of energy sensitive material is transferred into 
the underlying metal layer by etch expedient, have sev- 
eral problems. In these techniques, contact holes (win- 
dows or vias) are formed in a layer of a dielectric mate- 
rial. The contact holes are then filled with metal by de- 
positing a metal layer over the dielectric layer. The por- 
tion of the deposited metal layer overlying the dielectric 
layer is then removed using an expedient such as etch- 
ing or chemical mechanical polishing (CMP). The por- 
tion of the metal layer that remains is the portion in the 
contact holes formed in the dielectric layer. 
[0004] A second layer of metal is then formed over the 
dielectric layer with the metal-filled contact holes. The 
second metal layer is patterned to form the interconnect 
wires in the conventional subtractive process. Typically 
the metal filling the contact holes is one metal (e.g., CVD 
(chemical vapor deposited) tungsten) and the patterned 
metal is a second metal (e.g., aluminum). The second 
metal layer is patterned using lithographic techniques. 
[0005] Such a process has certain problems associ- 
ated therewith. Specifically, the patterned aluminum lay- 
er is subject to sidewall corrosion. Also, the spaces be- 
tween the patterned metal lines must be subsequently 
filled with a dielectric layer before further processing. 
Furthermore, the use of dissimilar metals for the inter- 
connects (e.g., tungsten) and the wires (e.g., aluminum) 
adversely affects both the mechanical strength and the 
electrical quality of the interconnect. 
[0006] Copper is currently under investigation as an 
interconnect material because it has a low cost and a 
low resistivity. However, it is difficult to etch copper. 
Therefore processes that require the metal interconnect 
to be etched are not useful for forming copper intercon- 
nects. A promising technique for forming interconnects 
is a dual damascene process (or a combination of two 
single damascene processes). In a dual damascene 
process a single dielectric layer is deposited and pat- 



terned using a two-step etch process. The first step 
etches contact openings through half or more of the di- 
electric layer thickness and the second etch step etches 
the contact openings through the remaining dielectric 
5 thickness to the underlying layer and also the intercon- 
nect channels (i.e., trenches) part way through the die- 
lectric layer. 

[0007] The dual damascene process is advantageous 
for copper interconnect formation compared to the con- 
ventional subtractive process because in dual da- 
mascene, lithographic techniques and etching expedi- 
ents are not required to pattern a layer of copper. How- 
ever, in dual damascene, copper deposition is compli- 
cated because the contact openings may have an as- 
pect ratio (i.e. the ratio of the height to the width of the 
recess) of 2:1 , 3: 1 , or more. The high aspect ratio makes 
sputter deposition difficult. Copper may be deposited by 
CVD within the contact openings and interconnect chan- 
nels. However, copper is difficult and/or expensive to de- 
posit by CVD. As a result, copper is not typically depos- 
ited by CVD in production. 

[0008] Electroless metal deposition (i.e., electroless 
plating) has been investigated as a technique for depos- 
iting copper onto a patterned layer of dielectric material. 
In this technique the surfaces to be plated (e.g., contact 
openings (windows or vias) and interconnect channels) 
must be pretreated before the metal is deposited in or- 
der to effect electroless deposition. Low deposition rates 
and issues of bath stability make this approach unattrac- 
tive for use in production. In addition, current surface 
activation techniques such as physical vapor deposition 
(PVD, e.g., sputtering) of a catalytic metal or treatment 
with an activating solution are either difficult or incom- 
patible with current processes for device fabrication. 
[0009] A major advantage of copper is its relatively 
low cost and low resistivity. However, it has a relatively 
large diffusion coefficient into silicon, silicon dioxide, 
and low dielectric constant polymers such as polyimide. 
Copper from an interconnect may diffuse through the 
silicon dioxide or polymer layer and into the underlying 
silicon. Copper diffusion into the underlying silicon sub- 
strate can degrade the transistor characteristics of the 
resulting device. Copper interconnects should be en- 
capsulated by at least one diffusion barrier to prevent 
diffusion into the silicon dioxide layer. The formation of 
this diffusion barrier is another problem associated with 
copper interconnect formation. 

[0010] As noted in U.S. Patent No. 5,627,102 to Shin- 
riki et al., one problem associated with the formation of 
metal interconnects is that voids form in the metal filling 
the recess. Such faulty fill-up leads to a failure to estab- 
lish a sound electrical contact. The problem of faulty fill- 
up increases with increasing aspect ratios. Consequent- 
ly, as the width of the recess decreases, the problems 
associated with faulty fill-up increase. 
[0011] Accordingly, a process for making copper in- 
terconnects that addresses the current problems asso- 
ciated with copper interconnect formation is desired. 



15 



20 



25 



30 



35 



40 



45 



50 



2 



3 



EP 0 982 771 A1 



4 



SUMMARY OF THE INVENTION 

[0012] The present invention is directed to a process 
for semiconductor device fabrication in which at least 
one of the interconnects is made of copper. In the proc- s 
ess of the present invention, a copper or copper alloy is 
electroplated into a recess formed in the surface of a 
dielectric layer on a semiconductor substrate (i.e., a sin- 
gle damascene process). The dielectric layer may be a 
material such as silicon dioxide or a low dielectric con- 
stant polymer such as, for example, polyimide or polyar- 
yl ethers. For convenience, the recess is referred to as 
a trench, although one skilled in the art will appreciate 
that the configuration of the recessed portion is a matter 
of design choice. 

[0013] Since copper may diffuse into the dielectric 
material, a barrier to copper diffusion is typically re- 
quired. Such a barrier is typically formed on the recess 
in the dielectric layer before the copper is deposited 
therein. However, the barrier may also be formed by 
doping the copper and by outdiff using the dopant mate- 
rial to form a barrier layer at the interface between the 
copper and the dielectric, after the copper is deposited 
in the recess, to prevent copper diffusion into the adja- 
cent dielectric material. Materials that act as a barrier to 
copper diffusion are well known to one skilled in the art. 
Examples of suitable barrier materials include tantalum, 
tantalum nitride and titanium nitride. The thickness of a 
barrier layer is at least about 10 nm. 
[0014] Before electroplating copper in the trench, a 
seed layer is formed therein. The thickness of the seed 
layer is at least about 5 nm. The seed layer acts as a 
cathode for electroplating copper into the recess. The 
copper seed layer is deposited using a conventional ex- 
pedient such as PVD, CVD, or electroless plating. 
[001 5] A layer of copper is then electroplated onto the 
barrier-coated surface of the dielectric layer formed on 
the substrate. The copper layer is formed over the entire 
surface of the substrate. The copper layer is then pol- 
ished back so that the only portion of the copper that 
remains is the portion of the copper in the trench. The 
electroplated copper layer is polished back using con- 
ventional expedients well known to one skilled in the art. 
Chemical mechanical polishing is one example of a suit- 
able expedient. 

[001 6] Either before or after the electroplated layer of 
copper is polished, the substrate is then annealed. The 
temperature of the anneal, and the duration of the an- 
neal, are selected to bring the grain structure of the elec- 
troplated copper from its as-deposited small grain state 
to a large grain state. For purposes of the present in- 
vention, a smalt grain state is an average grain size of 
about 0.1 u.m to about 0.2 urn A large grain state is a 
grain size that is at least one micron in at least one di- 
mension. In certain embodiments, the grain size is con- 
strained by the size of the recess in which the copper is 
deposited. For example, when the copper is deposited 
in a trench having a width of less than one micron, the 



average large grain size is at least as large as the width 
of the trench into which the copper is deposited and at 
least about 1 u.m in the length direction of the trench. 
Within the defined range, the smaller the grain size 
when the copper is deposited, the better the fill. Howev- 
er, after the copper is deposited, it is advantageous to 
increase the grain size of the copper to the large grain 
state in order to improve the electrical characteristics of 
resulting device. 

[0017] When small grain copper is electroplated using 
baths with organic additives, the grain structure of the 
copper is not stable at ambient conditions. In the proc- 
ess of the present invention, the electroplated copper is 
annealed after deposition in order to provide a copper 
grain structure that is stable over time. 
[001 8] In the embodiments of the present invention in 
which the width of the trench is about 0.1 u.m to about 5 
urn, it is advantageous if the average diameter of the 
grains in the plated copper film (in the as-deposited 
small grain state) is about 0.1 u.m to about 0.2 um In 
order to obtain large grain state copper with the requisite 
stability, the substrate is annealed at a temperature in 
the range of about 100°C to about 400°C for about 1 
minute to about 1 hour in a non-oxidizing environment. 
For purposes of the present invention, a non-oxidizing 
environment is either a vacuum or a non-oxidizing gas 
such as hydrogen, nitrogen, or argon. 
[0019] After the copper layer is both polished back 
and annealed, a passivation layer is formed over the 
substrate. The passivation layer is intended to prevent 
the copper interconnect from oxidation and diffusion. 
One example of a suitable passivation layer material is 
silicon nitride (Si 3 N 4 ). 



[0020] FIG. 1 is a flow diagram of one embodiment of 
the present invention. 



[0021] The embodiments of the present invention 
form an interconnect channel and a copper-containing 
interconnect within a semiconductor device. In general, 
a dielectric layer is deposited over a substrate and pat- 
terned to form an interconnect channel. An interconnect 
layer is deposited over the patterned dielectric layer and 
within the interconnect channel. The substrate is pol- 
ished with a polishing slurry to remove the portion of the 
interconnect layer that lies on the patterned dielectric 
layer, thereby forming the interconnect. Either before or 
after the interconnect layer is polished, the substrate is 
annealed. The temperature and duration of the anneal 
are selected to provide a copper-containing intercon- 
nect layer in which the copper has a desired grain size. 
The interconnect layer may include a barrier layer and 
a seed layer in addition to the copper layer. If needed, 
a diffusion barrier layer may be deposited before form- 
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ing another interconnect level. A passivation layer is de- 
posited over each interconnect level. 
[0022] The interconnect level is typically formed over 
a layer of dielectric material with contacts formed there- 
in. The interconnect is in electrical contact with at least 
one underlying metal feature (window, via) formed in the 
underlying dielectric layer. In the process of the present 
invention, the metal features in the underlying layer are 
also formed by electroplating copper. 
[0023] A number of materials may be used with the 
present invention. In general, the dielectric layer is typ- 
ically either silicon nitride, silicon dioxide (doped or un- 
doped), silicon oxynitride, fluoropolymer, polyaryl ether, 
or polyimide. The interconnect metal is copper. 
[0024] Since copper has a tendency to diffuse into di- 
electric materials generally and silicon dioxide in partic- 
ular, a layer of material that acts as a barrier to diffusion 
is required. This layer can be formed by either deposi- 
tion of a barrier layer prior to electroplating copper onto 
the substrate, or by outdiffusion from the copper itself. 
If the barrier layer is a separate layer of material, exam- 
ples include silicon nitride, phosphosilicate glass (PSG), 
silicon oxynitride, aluminum oxide (A^Oy), tantalum, ti- 
tanium nitride, niobium, or molybdenum. These material 
are deposited by conventional expedients such as CVD 
or PVD. 

[0025] The process of the present invention is used 
to make copper interconnects to device structures in- 
cluding polysilicon gates, word lines, source regions, 
drain regions, bit lines, base emitters, collectors, etc. It 
will be readily apparent to one skilled in the art that the 
present invention can be used with any semiconductor 
technology such as, for example, MOS (metal-oxide- 
semiconductor) devices (e.g., NMOS, PMOS, CMOS, 
and BiCMOS), bipolar devices, multi-chip modules, and 
lll-V semiconductors. 

[0026] FIG. 1 includes a flow diagram of one embod- 
iment of the present invention. In step 10, a silicon di- 
oxide layer is formed on a silicon substrate (the top layer 
of which is typically a patterned layer of dielectric mate- 
rial with contacts to underlying devices formed therein) 
and patterned to form an interconnect channel. In step 
1 1 of the described embodiment, a layer that acts as a 
barrier to the diffusion of copper is deposited over the 
substrate and into the interconnect channel. In step 12, 
a layer of material that functions as a cathode during the 
subsequent elect rode posit ion of copper is formed over 
the patterned dielectric layer and in the interconnect 
channel. 

[0027] In step 13, copper is then electroplated over 
the patterned dielectric layer and in the interconnect 
channel. In step 14 the substrate is then annealed to 
provide copper having a large grain structure with the 
requisite stability. The substrate is then chemically me- 
chanically polished (1 5) to remove the portion of the 
copper layers that lies on the surface of the patterned 
silicon dioxide layer. In the process of the present inven- 
tion, the polishing and annealing steps are performed 



interchangeably. A silicon nitride passivation layer is 
formed over each interconnect layer in step 1 6. 

Example 1 

5 

[0028] Damascene trenches were formed in a 0.5 u,m 
thick layer of silicon dioxide formed on a 150 mm silicon 
wafers. The silicon dioxide layer was formed from PE- 
TEOS (plasma enhanced tetraethyl orthosilicate). The 

10 trenches were formed using eight different width and 
space combinations. Trench widths were in the range of 
0.3 ujti to 5 urn. These widths represent interconnect 
widths that might be found from the lower to the upper 
levels of circuit wiring. The damascene trenches were 

J£ prepared as grating arrays (i.e., many trenches of equal 
widths spaced equally apart). For the submicron trench 
widths (0.3 urn, 0.5 u.m, and 0.8 \im) gratings with spac- 
ings ranging from roughly equal to the trench width to 
on the order of 3 |im were made to examine proximity 

20 effects. 

[0029] After the trenches were formed, a 50 nm-thick 
layer of tantalum nitride was formed on the oxide using 
PVD. The tantalum nitride was a barrier to the diffusion 
of copper into the oxide and an adhesion layer. A 100 

25 nm-thick layer of copper was then formed over the layer 
of tantalum nitride to serve as a cathode for electroplat- 
ing. The copper film was also formed by PVD. The PVD 
films were formed sequentially on the wafers, without a 
vacuum break, by DC magnetron sputtering in a M2i™ 

30 cluster deposition tool from Novellus of San Jose, Cali- 
fornia. The tantalum nitride was deposited using 3 kW 
power (no bias) and a 1:1 collimator. The deposition 
pressure was 2.9 mTorr and the flow rates of argon and 
nitrogen were both 35 seem. The wafer temperature was 

35 1 500C. The copper was deposited using 3. 1 kW of pow- 
er (no bias) and a 1:1 collimator. The deposition pres- 
sure was standard for PVD copper deposition and the 
flow rate of argon was 35 seem. The wafer temperature 
was 50°C. 

40 [0030] The copper was electroplated onto the wafers 
using an Equinox™ fountain plating system from Sem- 
itool of Kalispell, Montana. The wafers were placed in 
an CUBATH® SC bath that is commercially obtained 
from Enthone. The bath had a copper sulfate/sulfuric ac- 

45 id plating chemistry. A pulse waveform with a current of 
4.9 amp cycled at 95 msec on and 35 msec off was used 
to electroplate the copper onto the substrate. Copper 
was plated to a coulometric equivalent of a 1 u,m film on 
an unpatterned 1 50 mm diameter silicon wafer. The cop- 

50 per films, as plated, were observed to be fine-grained 
and highly reflective, with a uniform grain size of about 
0.1 ujti to about 0.2 um 

[0031] Some of the copper-plated substrates were 
then annealed at 400°C for one hour in a tube furnace 
55 at atmospheric pressure in forming gas (^10% H 2 ). 
The grain size of the annealed copper films were com- 
pared with the grain size of unannealed copper films. 
The grain size of the unannealed copper films was ob- 
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served to increase over time. At room temperature, the 
grain size of the unannealed copper films increased 
from an as-deposited average diameter of 0. 1 um to 0.2 
um. Over a period of hours to weeks, the grain size of 
the unannealed films was observed to increase to great- 
er than 1 um. The increase in grain size did not occur 
uniformly. The grain size increase began at isolated 
points (nucleation sites) in the film and the size of the 
sites and the number of sites was observed to increase 
over time. Such change in the copper grain size over a 
long period of time is not desired because it is uncon- 
trolled and dynamic. The copper film had a mixture of 
large and small grains for a long period of time. 
[0032] By contrast, the annealed copper had a uni- 
formly large grain size structure. There was no mixture 
of large and small grains. The grain size of copper films 
that were annealed (either before or after the films were 
subjected to CMP) was not observed to significantly in- 
crease over time. 

[0033] The grain size of the copper in its as-deposited 
state is affected by the composition of the electroplating 
bath that is used to electroplate the copper on the sub- 
strate. Specifically, it was observed that only baths that 
contained organic compounds provided copper films 
with the desired as-deposited grain size (about 0.1 um 
to about 0.2 um). When an acid-based copper sulfate 
electroplating bath chemistry without organic additives 
was used, the resulting electroplated copper had an av- 
erage as-deposited grain size that was too large to pro- 
vide the desired fill. Although applicants do not wish to 
be held to a particular theory, it is applicants* belief that 
electroplated copper films with the desired as-deposited 
small grain size are only obtained when copper electro- 
plating bath chemistries that contain organic com- 
pounds (as either ligands, brighteners, leveling agents, 
etc.) are used. 



to about one hour, 

3. The process of claim 1 wherein a barrier layer is 
formed in the recess before the copper is electro- 

s plated onto the substrate. 

4. The process of claim 3 wherein a seed layer is 
formed over the barrier layer before the copper lay- 
er is electroplated onto the substrate. 

10 

5. The process of claim 2 wherein the seed layer is 
formed over the recess. 

6. The process of claim 1 further comprising removing 
15 the portion of the electroplated copper formed over 

the dielectric layer and leaving only the electroplat- 
ed copper in the recess. 

7. The process of claim 1 wherein the recess has a 
20 length, a width, and a height. 

8. The process of claim 7 wherein the average grain 
size after anneal is at least as wide as the recess 
and at least one micron in the length direction of the 

25 recess. 

9. The process of claim 1 wherein the copper is elec- 
troplated from an electroplating bath comprising 
copper and at least one organic compound. 

30 



35 



Claims 

40 

1 . A process for device fabrication comprising: 

forming a layer of a dielectric material on a sub- 
strate; 

forming at least one recess in the layer of die- 45 
lectric material; 

filling the recess in the dielectric material with 
electroplated copper wherein the electroplated 
copper has an average grain size of about 0.1 
um to about 0.2 um; and 50 
annealing the substrate at conditions that in- 
crease the average grain size of the electroplat- 
ed copper to at least 1 um in at least one di- 
mension. 



2. The process of claim 1 wherein the substrate is an- 
nealed at a temperature in the range of about 1 00°C 
to about 400°C for a duration of about one minute 
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